Complex impedance measurements were used to analyze the influence of ultraviolet and ozone gas on the electronic behaviour of ZnO films grown by rf magnetron sputtering. The data show that UV exposure strongly increases the ac conductivity of the film at very low frequencies, and that after ozone exposure it recovers the original value. At high frequencies, however, UV-light exposure it does not change the conductivity but the ozone acts in the sense to decrease it. Two distinct mechanisms, related to two relaxation time distributions are clearly observed: they are superimposed in the virgin sample, but they split forming two semicircles in the z 00 (f) À z 0 (f) diagrams when the samples are treated with UV and/or ozone gas. A combination of the bruggeman effective medium approximation (BEMA) with the random free energy barrier model is used to fit the data and to explain the ac conductivity variation phenomena observed.
Introduction
Since 1960 zinc oxide has been explored as a versatile material from the point of its electrical properties [1] . More recently, the growing interest in applications of zinc oxide films in varistors, in piezoelectric devices and in acousticoptical systems has stimulated studies that correlate the film morphology with its electrical properties [2] [3] [4] [5] . It is well known that electrical properties of doped-ZnO varistors depend on grain boundary effects, which are, in principle, characteristics of ZnO bulk structure; the granular morphology is responsible for its low conductivity at low fields, but above a critical field, tunneling effect across the potential barriers at the grain boundaries enhances considerably the material conductivity [6] . New deposition techniques, combined with doping, produced conductive and transparent ZnO thin films, providing the exploration of new technological applications as gas sensors [7] , transparent electrodes for OLEDs [8] , transparent transistors [9] , etc. In addition, its (nano-to-micro)granular and (meso)uniform morphologies, whose grain dimensions varies from tenths nanometers to micrometers, permits to obtain a great variety of ZnO nanostructures [10] .
The goal of this paper is to progress in the elucidation of the effect of strong conductivity variation of ZnO thin films, deposited by rf magnetron sputtering, when exposed to UV-radiation or to ozone atmosphere [11] . For this, ac measurements were carried out, and a model that takes into account the film morphology was developed. were measured by the stylus method, being around 200 nm. Aluminum electrodes were vacuum evaporated forming a coplanar gap of 1.6 mm, each leg being 10 mm long. Alternating impedance measurements were performed by a frequency response analyzer (Solartron, 1260 Impedance/Gain phase Analyzer) in the 1-10 6 Hz frequency range. A real impedance plateau usually observed at low frequencies is named dc effective impedance. Most of the experiments were performed at room temperature, but to check the effect of temperature on the electrical response of the samples, some measurements at low temperatures were also performed. Samples were also illuminated by 0.5 mW/cm 2 of 380 nm UV-light during 20 min and exposed to weak ozone atmosphere pressure for 8 h.
Experimental

Results and discussion
Real and imaginary components of impedance measurements carried out with a S rf -ZnO sample, as deposited (virgin sample), were shown in Fig. 1(a) . We observed that for low frequencies the real component z 0 (f) exhibits a plateau (hereafter called dc effective conductivity value, as mentioned in Section 2) at about 90 MX that extends up close to 100 Hz; beyond this frequency, denominated here as the critical frequency f c , the impedance decreased continuously, and at 1 MHz the recorded value of z 0 was 500 X. The imaginary part, z 00 (f), showed a broad peak with the maximum around f c . After exposing the sample for 20 min under UV-light, the measurement was repeated at the same conditions ( Fig. 1(b) ). We observed that, while the dc effective impedance decreased from 90 MX to approximately 110 KX, while at 1 MHz it increased from 500 X to 2000 X. In addition, the dc effective impedance plateau was extended up to $1 KHz, and a visible shoulder appeared just above 0.1 MHz, frequencies in which two maxima were recorded in the z 00 (f) curve. Finally, Fig. 1 (c) shows the measurement carried out with the same sample, now after the exposition to ozone atmosphere, which it is supposed to recover its original electric properties [11] . However, while at low frequency the impedance perfectly recovered its former value, at higher frequencies z 0 increased even more. It is also important to remark that the two peaks, in z 00 (f) curve, also persist but they now shift to low frequencies.
The curves displayed in Fig. 2(a) -(c) are z 00 (f) À z 0 (f) Argand diagrams of Fig. 1(a)-(c) , respectively. Fig. 2(a) shows only one semicircle, here designated by A, indicating that only one transport mechanism takes place or, at least, dominates the transport process. It is represented by a unique relaxation time distribution. The response of the sample exposed to UV shows, on the other hand, two different mechanisms (Fig. 2(b) ), that is, two relaxation time distributions are present, as shown by the two superimposed semicircles, A and B. This behaviour was expected since two peaks in the z 00 (f) curve were recorded ( Fig. 1(b) ). Fig. 2(c) shows that the semicircle B expanded over a major part of the frequency domain, while semicircle A shrunk even more due to the sample exposition to ozone atmosphere. These results clearly indicate that two transport mechanisms are under competition: that related to curve A (A-mechanism), which dominates in a virgin sample, and that of B (B-mechanism) that becomes prominent after UV and ozone exposition. Indeed the A-mechanism is dominant in the whole frequency domain in Fig. 2(a) , but it loses progressively its field of action to B-mechanism as the ZnO-film is exposed either to UV or ozone gas.
Complex impedance model
Atomic force microscopy images and X-ray diffraction showed that S rf -ZnO films, when deposited by rf magnetron sputtering, exhibit a crystalline-granular morphology, being the grains of about 90 nm in diameter [11] . In addition, EDX measurements proved that the stoichiometric Zn/O ratio does not change when a film is exposed either to UV or ozone gas. So, we may consider the film as composed by nanocrystalline regions separated by interfaces, as proposed by Martins et al. [11] , and depicted in Fig. 3 .
Therefore, the electronic conduction may be considered as a sum of two processes: one that takes into account barrier energies to be overcome by the carriers at the interfaces, and the other, another barrier energy distribution related to the internal grain structures. Based on these considerations we built a model for the conduction path in S rfZnO films, in which carriers can migrate across the sample through the grains and/or the interstitial narrow regions between the grains. Therefore, two distinct regions were defined: one with complex permittivity e Ã g related to the grains, and other with e Ã i related to the interstitial regions. The whole film complex permittivity, e * (x), is here described in terms of e Ã g and e Ã i by the bruggeman effective medium approximation (BEMA) [12] f g e
where f g is the grains/film volume-fraction, and each complex permittivity is given by e * (x) = Àir * (x)/x. Further- Fig. 3 . Schematic model of the microstructure and corresponding energy bands of an oxide semiconductor obtained from Ref. [10] .
more, the complex conductivities of the grain ðr Ã g ðxÞÞ and of the interface ðr Ã i ðxÞÞ are assumed to obey the random free energy barrier model (RFEB) [13, 14] , since the electronic conduction through these regions is via hopping mechanism among localized sites. For the RFEB model, the expression of the complex conductivity is given by [14] (1) and (2) it is possible to obtain an expression for the complex impedance of the material, z * (x),
where z * (x) = '/Ar * (x) and z
is obtained from Eq. (2), being ' the film thickness and A the electrode area.
In Fig. 1 we exhibit the experimental-theoretical fittings for z 0 (f) and z 00 (f) obtained respectively from the virgin sample and after sample exposed to UV-light and to ozone gas. The adjusted parameters z g 0 and z i 0 are shown in Table 1 . Despite the use of five parameters, only f g can be considered as a real adjust parameter because the others (dc effective impedances and critical frequencies are taken from the experimental data). For these fitting f g was fixed at 0.85. From Table 1 we observed that while both z g 0 and z i 0 decreased when the virgin sample was exposed to UV-light, they increased when the sample was exposed to ozone. Furthermore, z g 0 is always higher than z i 0 .
Conclusions
From the set of data obtained we notice that the S rf -ZnO films exhibit two clear conduction mechanisms, as revealed by the z 0 (f) vs z 00 (f) plots. This behaviour can be modeled considering the S rf -ZnO films as exhibiting a granular morphology to which it is applied the random free energy barrier (RFEB) model. By doing so, we saw that, for a virgin sample, the two mechanisms (A and B) are present and probably completely superimposed in the whole frequency range. The total impedance at low frequency (dc effective impedance) is around 10 8 X, while for 1 MHz, the ac conductivity is around 10 3 X. When the sample is exposed to UV-light, the mechanisms are spectroscopically separated, A shifts to low frequencies while B to high frequencies (see Fig. 2(b) ). In this case, the dc effective conductivity of the films increases about three orders of magnitude, keeping unchanged that at high frequencies. On the other hand, if after UV-light exposure the sample is exposed to ozone gas, the B mechanism is expanded to lower frequencies; the dc effective conductivity recovers its former value while the high-frequency conductivities decreases. These data show that the UV acts in both the interstitial regions and grains, increasing its conductivities. From the point of view of the RFEB model this means that the average intensity of the energy barrier distributions decreases. On the other hand, when films are exposed to ozone gas, the films recovers its effective dc conductivity, which can be attributed to an increase of the height average of the barrier potential distributions. 
